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ABSTRACT R
In-situ ellipsometry is used to analyze gilicon surfaces
oo
in an aqueous NH,OH ambient. The ellipsometric data

indicate that a surface which is optically quite similar

A
to bare Si' is obtained when the native SiO; film is £l
i - *-:
etched from a Si substrate by aqueous NH.bH. In e
contrast, the surface obtained by etching the native
oxide in aqueous buffered\ﬁg\leads to formation of a
residual film on the Si substrate. Roughening of sample
surfaces treated with either aqueous NH,OH or BHF is
obgerved by microscopy. The high degree of roughness
m
obtained following NH,OH treatment appears to influence
ellipsometric measurements on samples, but this
influence is not observed following BHF exposure where
less roughness is noted. ..
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INTRODUCTIGN

The eucceseful production of microelectronic devices from
semiconductor materiale requires surface preparation. The two most
important elements of this preparation are cleaning and
passivation. For the case of silicon, thermal oxidation is
uniquely effective at surface pasgivation, reducing the number of
surface stateg to well below acceptable levels for device
operation. While successful pre-oxidation cleaning procedures for
gilicon exist(l), quantification of thege procedures has been
rather ecarce(2-5). In previoue work(6) both in-gitu ellipsometric
and contact angle measurements were sghown to be useful for
quantification of cleaning by aqueous HF. These techniques enable
measurements of a sample surface to be performed while the sample
ig immersed in a liquid phase ambient, the standard cleaning
environment for Si used for microelectronics processing.

In the previous work(6), it was shown that the silicon
surface was covered by a residual film following HF treatment.
While HF is an aggressive etchant of S5i0., it is an extremely mild
etchant of Si(7). When Si is placed in aqueocus HF, any S1i0, is
rapidly etched away. but a denuded silicon surface is never
exposed due to formation of a surface film rather than an etchable
oxide film, Typical of most metals(8), the bare silicon surface
has a high surface energy(9), thus thies reactive surface will
gcavenge any species in order to lower its surface energy. Further
indicatione of the effecta of HF on Si surfacee are provided by

Auger(4) and XPS(10) analyses of Si samples which indicate higher
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gurface carbon content as a result of HF exposure. Evidence of the !
effecte of HF on Si is also provided by reports of enhanced k:
) oxidation rates observed on HF treated Si(2-5). ?
In this paper, the in-situ ellipsometric technique ies used to g

study a gilicon surface in an aqueous ammonium hydroxide ambient.

Ammonium hydroxide is chosen because it is known to etch silicon
N at a much faster rate than HF, which sghould enable continuous Q

creation of a fresh silicon surface. Through ellipsometric By

! measurement the creation and preservation of this denuded silicon w
{

N

surface in NH,OH can be monitored. Comparison of ellipsometric !

parametera obtained by in-gitu measurement of Si surfaces in )

W

aqueous NH,OH to those obtained in buffered HF (BHF) gives further

"I

! evidence of growth of a residual film on Si following HF exposure.

e

i EXPERIMENTAL <
4 N
i >
! The features of the in-gsitu ellipsometric experiment have o
F

been presented elsewhere(6), so many of the details of this f:

technique will not be repeated here. In any ellipsometric
measurement, the two parameters ¥ (amplitude ratio) and A (phase

difference) for the reflected light are alwvays determined and can

R = e

be used to calculate optical parameters of the sample. Assuming

that all of the instrumental parameters, as well as the ambient -

refractive index are known, the thickness of a film on a substrate

can be determined if the refractive indices of the substrate (f{;) @
and film (i) are known, or both the real (n) and imaginary (Jik) f
|
parte of the complex substrate refractive index (fiy, with the form -
Py
Iy
D 4 ":
'I
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n-Jk) can be determined if the aasumption is made that no film is
present on the sample. An Abbe Refractometer with an accuracy of
+0.0001 units has been used to determine refractive indices for
all ambients used in this experiment, the angle with which the
light impinges on the sample ig determined with an accuracy of
0.01° from a calibrated scale on the ellipsometer base and the
refractive index used for Si0, is 1.465(11). An analysis of
gystematic error in these parameters vas carried out previously(6)
and it was shown that even grogs errore led to variations of less
than a few Angstroms in Si0. thicknesses.

As mentioned earlier NH.OH is a far faster etchant of silicon
than HF, but it etchee Si0., at a much slower rate than HF dces.
Kern(12) reporte an etch rate of 0.28nm/min for Si0O. and an etch
rate of over 25nm/min for both <i100> and <111> orientations of
gingle crystal silicon in 5:1 H.O:NH.OH at 85°C. To verify this
result and test the feasibility of carrying out an in-situ
experiment using ambient aqueoug NH40OH, the following trial was
performed. Tweo Si substrates of <111> orientation, one with a
gross thermal Si0., film of approximately 200nm, and one with a
native oxide film of approximately 2nm were placed in a bath of
5:1 H,0:NH,OH at 85°C for 20 minutes. For the sample with the
gross oxide film, an Si0. etch rate of 0.2lnm/min was calculated
in an ex-sgsitu manner by taking ellipasometric measurements of
thickness in an air ambient both before and after the 20 minute
etch. It was evident from obaservation of vigorous bubbling on the

sample with the native oxide film that there would be a problem
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with gas evolution at the Si surface if a heated solution of NH,OH
wvas used. There was no gas evolution ochgserved on the sample with
the graoss oxide film, so the bubbling was presumably hydrogen gae
evolved as a product of the etch of Si. Since ellipsometry, as it
ig used here, i/ a reflection technique, the evolution of gas
bubbles at the sample surface would make an in-situ measurement
quite difficult because the incident light would be obscured from
the surface by the bubbles. To minimize the problem of gas bubble
formation at the Si surface, a room temperature solution of
aqueous NH,OH at varying concentrations is used because the
reaction of the Si surface and NH,OH is slowved at this reduced
temperature. Decrease of thies reaction rate reducea the evolution
of gas at the gample surface and enables an in-situ measurement.
The reduction of the solution temperature causes a decrease in the
Si0, etch rate but the time needed to etch through the Si0. can be
minimized by starting with Si samples covered only by a native
oxide (typically 1-2nm in thickness). It is, however, imperative
that the solution used for the experiment have a nonzero etch rate
for S1i0: 1in order to expose the Si substrate.

The samples employed for the in-situ ellipsometric
measurements are two inch diameter p-type <100> oriented single
crystal silicon wafers that are cleaved into quarters to fit in
the in-situ cell. The quartz cell is first filled with the etch
solution and then the gample is immersed and fixed in place. Null
ellipsometric measurements are taken at periodic time intervals

and after the ellipsometric measurables cease to change (that is,
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after the calculated film thickness ceases to vary eignificantly af
in successive meagurements), the solution is displaced by flushing L‘
~
the cell with pure deionized water. Both the initiel etch of SiQ, t‘
Y

and the native Si0O., film formation after flushing the cell are a
monitored ellipsometrically by calculation of the Si0, film -
[}

thickness. -j
. 4
RESULTS ]

A

The oxide thickness vs. time data for ambient S:1 H,O:NH,OH

b,

is shown in Figure 1. As anticipated, the oxide thickness

decreases slowly, at less than 0.02nm/min, as shown by the initial o

o
circles. A minimum thickness of 0.06nm is obtained 84 minutes into 20
the experiment and the thickness apparently increases on :E
subgequent measurements. Following exposure for just over three ey
hours in S:1 H:O0/NH,0OH, no further change 1s observed in the :5
thickness vs. time data between successive measurements. At this EZ
time the ambient etch solution is displaced by pure water without #t
exposing the sample surface to air. This event is indicated in §
Figure 1 by the vertical line at 190 minutes and ellipsometric ;%
measurements after this show oxide regrowth in H.O0O. E.

Etch time vs. oxide thickness data was also collected for 2:1 E:
He 0/NH,OH and concentrated NH,OH etch solutions. The results are :%

similar in that a minimum oxide thickness quite close tao O is

calculated, followed by an apparent increase in oxide thickness.
The only significant difference is that the concentrated NH,OH

golution requirees over three houre to etch the native Si0O, film as
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compared to just one hour for the 5:1 and 2:1 H,0/NH,QH. The
concentrated NH,OH contains legs water, g0 the slower etch rate
for Si0; in concentrated NH,OH must be attributable to the
decrease in the concentration of water in the etch solution. This
pointg to the importance of water as a solvent for etch products
in the reaction of Si0c. and NH,0OH. This result will not be
discusaed further and since the different concentrations of NH,OH
behaved similarly with regard to all other experimental aspects,
the forthcoming discussion will be limited to the 5:1 H,0/NH,O0H
experiment described first.

In order to better understand the data of Figure 1, it is
helpful to analyze the raw ellipsometric data. Figure 2A is a
graph of the ellipsometric parameters ¥ and A plotted against one
another. The symbols in the plot correspond to the identical ¥ and
A values used to calculate the thicknesses in Figure 1 and also
shown are two theoretically calculated curves. The theoretical
curve labelled "Ambient Aqueous NH.OH" is composed of ¥, A values
for increasing Si0:. film thickness on a Si substrate under the
rpecific ambient refractive index, angle of incidence and
vavelength of light conditions used for the measurement. The arrow
pointing to the top of the "Ambient Aqueous NH.OH" curve indicates
the theoretically calculated ¥, A point corresponding to a bare Si
substrate or zero oxide thickness on a Si substrate. As the Si0,
film thickness increases from zero, ¥ and A progress in such a
manner to trace the solid line. In other words, as ¥ increases and

A decreaseg from 1.1° and 171° respectively it is indicative of
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increasing oxide thicknesa. Since ellipsometry is sensitive to the
ambient refractive index and pure water hag a different refractive
index than 5:1 H.0O/NH,0H, a second theoretical curve isgs derived to
relate the rav data for ambient water. The curve labelled "Ambient
Water" has zero oxide thickness valuesg for ¥ and A similar to the
ambient ammonium hydroxide curve and increasing oxide thickness
occurg with increasing ¥ and decreasing A.

The circles in Figure 2A correspond to measurements taken
vhile 5:1 H,O0/NH.OH is present and the initial points progress
from the center of the plot up toward the top (decreasing ¥ and
increaging A). The progression in this direction corresponds to
etching of the Si0Oe. From Figure 1, the initial oxide thickness is
about 1.9nm. The cxide thickness decreasges to 0.06nm and then the
apparent increase in oxide thickness is ocbserved. The data that
are obtained after the minimum thickness but before the etch
golution is displaced (between 90 and 190 minutes in Figure 1) are
shown as darkened circles in Figure 2A. When these ¥, A values are
used to calculate oxide thicknesses, it appears that an increase
in S10. film thickness takes= place. It is believed that these
pointg are indicative of gsomething other than SiOg: growth and
further analyegis of these particular points will be provided later
in this paper. When the etch solution is displaced by water, the
experimental points shift onto the "Ambient Water" curve as shown
by the triangles. These experimental values progress down the
curve, toward increasing oxide thickness as the native Si0, film

reforme. The most important feature of Figure 2A is the proximity
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of the calculated zero oxide thickness value to the point

corresponding to the experimental minimum oxide thickness. This
proximity evidence for the creation of a denuded Si surface in
aqueous NH, OH.

A comparison of the raw ¥, A data obtained in an aqueous
NH.OH ambient to similar data (Figure 2B) obtained in an aqueous
buffered HF ambient illustrates the fact that a bare Si surface is
not produced in ambient HF. As in Figure 2A, this graph consists
of experimental points and two theoretical curves. The theoretical
curve labelled "Ambient BHF" ig8 calculated for the buffered HF
etch solution (1000:100:0.8 He.O/NH,F/HF) and the calculated ¥, A
point for a bare Si substrate for the specific conditions used for
BHF etch is indicated by the arrow which points to the top of thise
curve. The theoretical curve labelled "Ambient Water" is
calculated for pure water. The experimental points {(circles) of
Figure 2B begin at the bottom of the graph close to the BHF
ambient line and progress with decreasing ¥ and increasing 4,
indicative of etching of the Si0, film. The conspicuous difference
between Figures 2A and 2B is that the experimental points for the
aqueous BHF ambient (Figure 2B) never closely approach the
calculated zero oxide thickness point. For this experiment, no
data points were ever obtained closer to the zero oxide thickness
value than ¥-0.8° and A~145°, and the sample was left in the BHF
solution for almost 4 hours, at which time successive measurements
did not vary. As in Figure 2A, there was Bn apparent increase in

oxide thickness following the minimum Si0O; thickness and the
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meagurements that were taken after the minimum are indicated by
the darkened circles in Figure 2B. Comparison of thies apparent
increase with the =ame behavior in aqueous NH,0OH provides valuable
information and this isgue will be discussed later in the paper.
After displacement of the etch solution by pure water,
experimental points fall near the theoretical curve labelled
"Ambient Water" and, over time, these points progress in the
direction of increasing oxide thickness. Since the graphs in
Figures 2A and 2B are plotted on identical ¥ and A scales it is
apparent that the ambient aquecus NH,0H yields a surface that is
much closer to that of bare Si than the surface yielded by ambient
BHF because Figure 2A shows a closer approach of experimental
values to the expected bare Si values.

The ¥-A plotg of Figures 2A and 2B give a qualitative
indication of the existence of a bare silicon surface in aqueous
NH,OH ambient as compared tq the gurface in BHF ambient. A
gquantitative comparison of these surfaces is provided when the
complex substrate refractive index ig calculated from the
ellipsometric parameters by assuming that no film is present on
the sample surface. These calculated values can be compared to an
accepted value of 3.865-0.018;(13) for the complex index of
gsilicon. Complex gsubstrate refractive indices are calculated for
sample surfaceg from the ¥ and A values that gave the minimum SiO.
thicknege because the best agreement with the accepted value is
always obtained at minimum film thickness. For ambient aqueous

NH,OH a value of 3.868-0.019; is obtained and a value of 3.862-
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0.031) results for ambient BHF. The agreement in the real part of

4':.;"5‘1.‘1"‘4- ‘\ '\.ﬁ i

the index ie quite good in both cases, but the imaginary part of

-
”
the index for the NH,OH etched sample is only &% different from E
the imaginary part of the accepted value as compared to 72% Ef
different for a BHF etched sample. It ghould be recognized that
the results of these calculations inherently agree with the \f
Sat
qualitative results seen in Figures 2A and 2B because the same ¥ }:
and A data were used in both calculationsg, but the quantitative tm
nature of the comparison adds more validity to the argument that E
bare silicon originates in NH,OH. 3:
To this point, the data collected has only been analyzed with &:
reapect to how closely the surface produced by etching in these Et
>
“

ambients resembles bare gilicon. More information about the etfect
of these etching ambients can be obtained by a closer inspection

of the ellipsometric data collected while the etch solution was

still present but after the minimum thickness was obtained. The
region in ¥, A space in which the darkened circles of Figures 2A

and 2B fall can be indicative of film growth on the Si substrate.

e T e e T e

o

Though film growth after attainment of minimum oxide thickness has :i
)

been observed for etch of Si0, films in HF(6), there are some N

o3

important distinctions to be made between the use of HF containing N
‘N

ambients and NH,OH ambients. It seems unlikely that any films -i
could grow on the Si surface in aqueous NH.OH because it is a E:
’

o

rapid etchant of Si. The exposed Si surface is quite reactive, but r:
gilicon ig constantly stripped from the surface in thies basic "
¥

)

medium, while in HF the Si is only mildly attacked, enabling N
’
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formation of a regidual film. Further evidence of the different
behavior in NH,OH is8 given by the trajectory of the ¥, A data. In
the previous study, the film growth in ambient HF wae evidenced by
pointg that were found at gmaller ¥ values than the ¥ value
corresponding to the minimum thickness. In contrast, for ambient
NH.OH, the ¥, A pointe in question (darkened circles of Figure 24)
are at larger ¥ than the ¥ value corresponding to minimum
thickness.

A better explanation for the apparent increase in oxide
thickness of NH,OH etched samples is roughening of the Si surface.
Upon removal of the samples etched in either aqueous BHF or
aqueous NH,OH from the sample cell, roughening is apparent on the
cample surfaces. Analyses of the surfaces by SEM and optical
microscopy with Normarski DIC conclueively identify roughening.
Figures 3A and 3B are the optical micrographs, taken at 200X, for
gample surfaces after exposure to NH,OH and BHF respectively. The
micrographs were obtained from the same samples from which
ellipsometric data was collected and each sample was subjected to
just under 4 hours in the etch solution followed by 3 hours in
pure water. There is a greater degree of roughening evident on the
sample etched in aqueocus NH,0H, than on the sample etched in
buffered HF as expected due to the fast etch rate of Si in aqueocus
NH.OH relative to the Si etch rate in BHF.

Roughening has been shown to have an effect on ellipsometric
meagurements(14), so the data in Figure 2A and 2B must be

scrutinized for these effects. An approximation of the influence
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of roughening of a sample surface on ellipsometric measurements
can be made by assuming that the surface consists of two
components with different refractive indices. One component is the
actual subsgstrate, in this case silicon with an index of 3.865-
0.018i, and the other component consists of voids which are
aggigned the game refractive index as the ambient aqueous NH,OH
(1.3346-0.01 in this cage). Using the Bruggeman effective medium
approximation(135), the refractive index of a layer of a given void
percentage can be obtained. This refractive index can then be used
in a theoretical calculation of the resultant ¥, A values
corresponding to an increase in the thickness of this film
assuming the film composition remaing constant. Table 1 is a
collection of such calculations performed for S, 10, 20, 30, 40
and 50% voids at thicknesses of 0, 0.25, 0.50, 0.75 and 1.0nm for
the exact conditions used in the experiment with ambient 5:1
He O/NH,OH. The first column is the calculated film refractive
index for a varying void percentage in a two component mixture.
The remaining columns are the theoretical ¥ and A values that
would be obtained for various thicknesses of a layer of roughness
of the given refractive index. It should be noted that at O
thickness the ¥ and A values are the same regardless of the
refractive index of the layer because no film is present and that
as the thickness increases, Y always increases and QO always
decreases.

The average values for ¥ and & of the darkened circles in

Figure 2A are 1.067° and 168. 188° respectively. By comparison of
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these values with the ¥, A velueg obtained in Table 1, it is
apparent that roughness could indeed be responsible for the pointe
illustrated by the darkened circles. From the table, it is also
evident that a thin film of large void percentage and a thicker
film of smaller void percentage influence ¥ and & in essentially
the same manner. The exact void percentage or thickness of the
roughness layer would be difficult to determine for the specific
sample and this has not been attempted. It is quite reasonable to
asgume that both the void percentage and the layef thickness would
be constantly changing as the gample surface is etched by the
NH,OH and this would account for the lack of closer agreement
between the values in Table 1 and the experimental values.
Coupling the microscopic evidence with ellipsgometric evidence
given by the Bruggeman analyeisg, it is believed that the apparent
increase in thickness obtained between 90 and 190 minutes in
Figure 1 is due entirely to roughening of the sample surface and
not film growth.

Since roughness was also observed on the BHF etched sample,
the data illustrated by the darkened circles of Figure 2B should
be analyzed to determine if it is the result of roughness. From
Table I it is evident that roughness can not give rise to ¥ values
that are less than the ¥ value which corresponds to a bare Si
gubgtrate. The darkened circles of Figure 2B (BHF ambient) fall to
the right of the theoretical curve which is at smaller ¥ than the
¥ for a bare substrate, so it ie believed that these points are

not the result of gurface roughening. The analysis by Fenstermaker
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N
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rd
and McCrackin(14) revealed that small amounte of roughening had ~
almoat no effect on ellipsometric calculations, so the conclusion ?4
is drawn that the roughening observed in BHF ambients doeeg not ﬁt
I‘*
effect the ellipsometric measuremente and furthermore that the ?}
trajectory of the ¥, A points obtained after the minimum thickness N
..’
ig indicative of film growth on the Si surface as determined in :ﬂ
earlier work(6). Ei
]
=
e
et
CONCLUSIONS ;}:

In-gitu ellipsometry has been used to monitor the etch and

WX
»
regrowth of native Si0, from Si substrates in aqueous NH.OH and o0
M’
compared with similar data obtained in ambient aqueous buffered HF Ex
-,
goluticne. It has been demonstrated that the use of ambient ;;
)
aqueous ammonium hydroxide for removal of Si0O. filme from silicon O
N
N
substrates allows creation of a denuded silicon surface. f:
&
Comparison of raw ¥, & data for ambient NH,OH with raw data for (:
ambient BHF, illustrates that the ¥ A& data collected using U;
ambient NH,OH approaches the expected ¥, A values for bare Si ﬁ;
s
significantly more closely than the raw data collected for ambient .
]
BHF. When the same ¥, A data is used to calculate both components Sj
LS
of the complex refractive index assuming that the sample is a bare b:
\-A
substrate, the agreement with the accepted values for silicon is -~
best for ambient aqueous NH, OH. ot
f
~
,
In both BHF and NH.OH ambients the raw ellipsometric data ::
-
diverge from their closest approach to the expected ¥, A values ::
’
for a bare S1i substrate before the etch ambient is displaced. The a'
@
16 ey
bty
]
K
)
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trajectories of these divergencees differ in the two ambiente used.
It was determined that surface roughening was responsible for this
outcome in ambient NH,OH and optical microscopy verifies the

preaence of severe surface roughness. Less roughness on the BHF

etched sample was detected microscopically and the ¥, A trajectory

in this data could not be explained by roughness. It was concluded
that the roughening was not significant enough to influence the
ellipsometric data and that the diverging ¥, A values wvere
indicative of film growth on the Si surface. It is important to
note that it ia not the intention of this study to purport that
aqueoua NH.OH constitutes a better cleaning treatment than BHF,
since the roughening induced on the Si surface by the NH,OH could
render samples treated in this manner useless for device

processing.
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LIST OF FIGURES

Figure 1: Calculated Si0O: thickness vs. time in S:1 H.QO/NH,OH.
Minimum thickness of 0.06nm was obtained at 84 minutese and etch
solution was displaced by pure deionized water at 190 minutes as

shown by the vertical line.

Figure 2A: Raw ellipsometric data for aqueocus NH.OH etch
experiment. Circles represgent measurementa performed while etch
solution is present and triangles represent measurements performed
vhile pure water is present. The filled circles are data collected
after the minimum thickness value was obtained but before the etch
solution was digplaced. Note that in ambient NH,OH these values
are all at larger ¥ than the ¥ value corresponding to a zero oxide

thickness.

Figure 2B: Raw ellipsometric data for aqueous BHF etch experiment.
Circles represent measurements performed while etch solution is
present and triangles represent measurements performed while pure
wvater is present. The darkened circles represent data collected
prior to etch sgolution displacement but after minimum oxide
thicknese has been obtained. It should be noted that in ambient
BHF these values all lie at smaller ¥ than the value for ¥ that

corregponds to a zero oxide thickness.
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LIST OF FIGURES (cont)

Figure 3A: Optical micrograph of surface roughness observed on a e
sample etched for 236 minutee in S5:1 H,O/NH,0OH. Magnification is

200X and Normarsgki DIC is used.

P e gyt
IR R

Figure 3B: Optical micrograph aof surface roughness observed on a

v
2
At

sample etched for 220 minutes in 1000:100:0.8 HeO/NH,F/HF.

Magnification is 200X and Normarski DIC is used.
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PSI vs. DELTA: AQGUEDUS NH40H

I

THEGRETICAL

AQUEOUS NH 40H

_CALCULAJ;;\;EEB&

OXIDE THICKNESS 92

l

CURVE: AMBIENT —>

[

l

O OXIDE .ETCH
A OXIDE GROWTH

THEORETICAL
CURVE: AMBIENT
WATER

1

PSI (DEGREES)

. q.- T T AT LN ..f 'J"‘:I;J 'J'.;.F‘:J{f" [ .._-\~f ‘. 'ﬂ\_. -f‘~‘\ V:




1 )
19
T
t
1
t
1]
.
l
ot ye

FIGURE &R

I, RN NSNS AN L

PSI vs. DELTA: BHF

A,

180 , r |
CALCULATED ZERO O OXIDE ETCH
OXIDE THICKNESS A OXIDE GROWTH

170 L\\$ THEORETICAL .
; CURVE: AMBIENT

WATER

Lo

LSS N N T KN S SRS,

160 |- \<: | -

w v m e -
r e .
,l' o . ot

ol 1 Y
-
e

(DEGREES)

PR

150 b o i
THEORETICAL
CURVE: AMBIENT
BHF .

130 ' !
0 1 2 3

DELTA

IT e,

'.l"l

e '."‘I"_" '.’.".." A

PSI (DEGREES)




3

FIGURE

A 4,0 T e \phhw.\. 4 ......--.-vhi.-..A' LA A VR R T N i\\..\.\.-- n..n..fff-n-r PP . .

3

‘N
«

L]

'-
S
2

NN

» 'V\'%'

-
J
A

L]
X

L g fnin.\

ol o Ca
RATIRY AT

5y




.“‘""l' he plarply plel gl tghinal o0 LSt AL AL AR U o1 e s S ARR AR ALINGARAEAMIAE Sl Ad A SN SR AR LA ) Lhad et ] -
d

FIGURE 3E

N o e

agm oy

<«
¥

: ';";.r'l

h
-

L)
n

-
‘.
LS

..).?-'-'z

Pl

.
PLAL LIS R

LA

r 2 Y]
«¥iTe"s"e

1

)
(oo
RS
w }
\‘

3

Durtace ®

- 7,
D

Aol do AN L,

Ll U ]

b o N A AT AL AT AT A G AT NIRRT LT LSRR LA N .'x"_\"-‘."-.’-."-."-.'-."-.'\"'."' AT e Yty
. - - . ~ - . N ’ . » » - -

-~ ‘.- ‘.l - .l 7, >
‘. N gl \




LIST OF TABLES

on ¥ and A&

Effect of Surface Roughness

Table 1

f.'.r.

..
N

nf-. - !\l F&’

nv .a-\*- -f.\ ' A

2P,

ik,

.....-q

P PPN NP

AN
& -. - . ---.-;n.-

P
!-.\-.\..A.%. 3y

27

-

MO AT ALY

LTS \‘." W{

A

“‘ﬂ-\

n‘.'_‘-

RN

v

R4

|

NI A AN AT

"

Rt ] \-\}\(\}\- REATAY

LAY



At At a gl ot ML

TABLE 1
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. pae

L
¥

0.0nm
A

L
¥

. 25nm
A

L
¥

. 50nm
1)

A

0. 982

0.982

0.982

0.982

0.982

0.982

171.267

171.267

171.267

171,267

171,267

171, 267

0.985

0. 988

0.994

1.001

1.006

1.011

170. 236

169. 241

167. 385

165.747

164.431

163. 562

169. 208

167.232

163.595

160. 449

157.976

156. 374

168.183

165. 244

159.918

155. 428

151.998

149.831

167. 160

163. 277

156. 366

150.718

146. 540

143.976
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